We investigate the four-wave mixing (FWM) phenomenon in a three-level bichromatic electromagnetically induced transparency system. Theoretical results predict that the FWM will exhibit a multipeak structure under bichromatic coupling fields. The stronger the coupling fields are, the more FWM the peaks should exhibit. Results of an experiment carried out with cold 87 Rb atoms in a magneto-optical trap agree with the theoretical prediction. Four-wave mixing (FWM) is an important way to generate new light waves [1] [2] [3] . In addition, it is a useful technique in spectroscopy [4] [5] [6] [7] . Due to the small magnitude of the third-order nonlinear coefficient, mixing in metal gases usually suffers from low conversion efficiency. The potential to enhance nonlinear optical processes with electromagnetically induced transparency (EIT) was first recognized by Harris et al. [8], and other researchers used this resonant process to greatly enhance nonlinear processes [9] [10] [11] . Multiwavemixing processes at low light intensities and slow-light conditions also show the advantages of EIT and open a way to explore quantum nonlinear optics and quantum information processing [12, 13] . Under EIT conditions, two or more wave-mixing processes can coexist and interfere with each other [14] [15] [16] . In addition, quantum interference is a beneficial way to control multiwave-mixing processes [17, 18] . Recently, several researchers studied the phenomena of multiple peaks in the FWM spectrum. As soon as the Zeeman degeneracy is restrained by external fields, the FWM signal exhibits a multipeak structure [18, 19] . For a degenerate three-level system, the multipeak structure exists with the assistance of coherent population trapping (CPT) [20, 21] , which can be explained by semiclassical dressed-state theory [22] . There is a similar phenomenon in a four-level system, and the unexpected pair of peaks is the consequence of averaging over velocities [23] . In these cases, probe lights with different frequencies are converted to FWM signals through different channels, which can be used to create multicolor ultraslow optical solitons [24] [25] [26] [27] . Four-wave-and six-wave-mixing processes at slow-light conditions could take place in cold atoms [12, 13] .
Four-wave mixing (FWM) is an important way to generate new light waves [1] [2] [3] . In addition, it is a useful technique in spectroscopy [4] [5] [6] [7] . Due to the small magnitude of the third-order nonlinear coefficient, mixing in metal gases usually suffers from low conversion efficiency. The potential to enhance nonlinear optical processes with electromagnetically induced transparency (EIT) was first recognized by Harris et al. [8] , and other researchers used this resonant process to greatly enhance nonlinear processes [9] [10] [11] . Multiwavemixing processes at low light intensities and slow-light conditions also show the advantages of EIT and open a way to explore quantum nonlinear optics and quantum information processing [12, 13] . Under EIT conditions, two or more wave-mixing processes can coexist and interfere with each other [14] [15] [16] . In addition, quantum interference is a beneficial way to control multiwave-mixing processes [17, 18] . Recently, several researchers studied the phenomena of multiple peaks in the FWM spectrum. As soon as the Zeeman degeneracy is restrained by external fields, the FWM signal exhibits a multipeak structure [18, 19] . For a degenerate three-level system, the multipeak structure exists with the assistance of coherent population trapping (CPT) [20, 21] , which can be explained by semiclassical dressed-state theory [22] . There is a similar phenomenon in a four-level system, and the unexpected pair of peaks is the consequence of averaging over velocities [23] . In these cases, probe lights with different frequencies are converted to FWM signals through different channels, which can be used to create multicolor ultraslow optical solitons [24] [25] [26] [27] . Four-wave-and six-wave-mixing processes at slow-light conditions could take place in cold atoms [12, 13] .
The absorption and fluorescence spectra of two-level atoms driven by polychromatic fields have been widely studied [28] [29] [30] [31] . The induced transparency and absorption in threelevel systems of cold rubidium atoms were also studied [32, 33] . The FWM spectra in such systems have attracted much interest [21, 34, 35] . In Ref. [35] , the author studied FWM in a three-level system that interacted with two pump waves of different frequencies, and the frequency separation between the two pump waves was much smaller than the decay rate of * wangjin@wipm.ac.cn levels. The result did not show the multipeak structure in FWM signals. In this article, we investigate the FWM spectra under the bichromatic EIT condition [32] . We observed the multipeak structure in FWM signals and found that the number of the FWM peaks depends on only the intensity of pump fields.
A three-level system coupled with bichromatic field and a weak probe field is shown in Fig. 1(a) . The states |b and |e are coupled by the bichromatic field E(t) = 2 , and E p are the electric-field amplitudes. In the interaction picture and under the rotating-wave and dipole approximations, the Hamiltonian can be described as
where 0 = 2 − δ. The density-matrix elements ρ jk can be calculated from the master equation
where the first term characterizes the coherent interaction and the second term results from the contribution of the dampings. The absorption of the probe field in such a system has been studied [32] , and the bichromatic field creates the dressed states, which consists of infinite ladders with an equal separation δ. There are multiple peaks in the absorption spectrum. When phase-matching conditions are satisfied, a signal field will be generated. There are two possible phase-matching conditions in the FWM processes, the frequency of the FWM field is ω 4 = ω p − ω 1 + ω 2 = ω p − 2δ, as shown in Fig. 1(a) .
It is difficult to obtain the analytic solutions for the complex system, so we resort to the numerical solution. We first expand the density matrix elements ρ jk in terms of Fourier components as ρ jk 
. Then we solve the density matrix equations of the three-level bichromatic EIT system by a continued fraction method [36] . In the numerical calculation, the maximum |m| values are truncated at a given value. Under our experimental conditions, we found that with |m| 13, the numerical calculations are identical with those obtained with |m| > 13. The probe absorption contribution is given by ρ 31 (0) , and the FWM emission with the FWM channel and the phase-matching condition k p − k 2 + k 1 − k 4 = 0 is proportional to ρ 31 (2) . The results are shown in Fig. 2 . 
frequencies of the two pump fields are = 1 = 2 = 1.5 , and the frequency spacing of the two fields is 2δ = 6.7 , where is the decay rate of the excited state. The detuning of the pump 1 field is 2 = δ = 3.3 . The Rabi frequency of the probe field is p = 0.5 . There are five peaks in the absorption spectrum corresponding to five dressed-state transitions. With the phase-matching condition k p − k 1 + k 2 − k 4 = 0, the calculated FWM signal shown in Fig. 2(b) exhibits three peaks. The highest conversion efficiency happens at the absorption maximum near = δ. If the intensities of the pump fields and probe field increase, there will be more FWM peaks. As shown in Fig. 2(c) , there are four peaks when 1 = 2 = 2.5 , p = . The conversion efficiency of the FWM process at = 2δ increases much more than = 0. By comparing the signal in Fig. 2(c) with that in Fig. 2(b) , we see that the line width of the FWM spectrum near = δ is broadened. For the phase-matching condition k p − k 2 + k 1 − k 4 = 0, the FWM signal has a reverse structure, as shown in Fig. 2(d) . Usually, the probe field is strongly absorbed when it is on resonance and the nonlinear process is enhanced. However, this discussion shows that the conversion efficiency of the nonlinear process at = 0 is always small.
We experimentally observed the multipeak structure in the FWM spectrum. The experiment was performed in a three-level system of cold 87 Rb atoms, which was coupled by the bichromatic field [32] . The experimental arrangement is shown in Fig. 3 : two homemade extended-cavity diode lasers with output power ∼80 mW are used as cooling and repumping lasers. The frequency of the cooling laser is reddetuned by an amount of −2 to the transition 5S 1/2 ,F = 2 → 5P 3/2 , F = 3; the frequency of repumping laser is locked to the transition 5S 1/2 , F = 1 → 5P 3/2 , F = 2. The cooling and the repumping beams are coupled into a fiber, then collimated and divided into three beams. The diameters of the laser beams are 10 mm. The power of each cooling beams is 12 mW. An octagonal quartz cell is used for the magneto-optical trap (MOT) cell. We cooled and trapped 87 Rb atoms in the MOT and observed a cold atom cloud with a diameter of ∼1 mm; about 2 × 10 7 atoms at temperature ∼100 µK were involved in the cold atom cloud. As shown in Fig. 1 , the strong pump fields drive the D 1 transition 5S 1/2 , F = 1 → 5P 1/2 , F = 2, and a weak probe laser with frequency ω p probes the transition 5S 1/2 , F = 2 →5P 1/2 , F = 2. A commercial extended-cavity diode laser (TOPTICA DL100) provides the bichromatic field (795 nm); its output power is ∼100 mW. The laser beam passes through a 40-MHz acousto-optic modulator (AOM). The diffracted first-order beam with linear vertical polarization serves as the pump 1 field, and the zeroth-order beam with linear horizontal polarization is used as the pump 2 field. The maximum power of each field is 30 mW. The diameter of the bichromatic beam is about 1 mm. Another diode laser (DL100) serves as the probe laser; the diameter of its output beam is 0.5 mm. Before entering the MOT zone, the polarization of pump 1 is changed to the same as that of pump 2 with a half wave plate (HWP). The probe beam is linearly polarized perpendicular to the two pump beams. The probe beam and the bichromatic field overlap at the center point of atom cloud. The probe beam and the pump 2 beam counterpropagate with a small angle (2 • ). A large-area photo receiver (New Focus 2031) detects the generated FWM signal. A homemade photo detector detects the probe field. A digital oscilloscope (Tektronix TDS 2014B) records the signals.
The frequency deference between the two pump fields is 40 MHz. The FWM spectrum is qualitatively different from the earlier experimental results [11, 12] , and there are several peaks separated by δ. We investigated the dependence of the FWM signal on the pump intensity and the frequency detuning; Fig. 4 shows the experimental results. Figure 4(a) shows the absorption spectrum of the probe light with 1 = 2 = 2.9 , and there are seven absorption peaks with the frequency separation δ. Figure 4(b) is the corresponding FWM signal, for the phase-matching condition k p − k 1 + k 2 − k 4 = 0, and most FWM peaks appear when > 0. We scanned the detuning of probe light from −100 MHz to +150 MHz and distinguished three FWM peaks. The conversion efficiency near = δ is highest, and the spacing between two neighboring peaks is δ. There is no FWM peak near = 0; this might be due to the small intensity. When the intensity of the bichromatic field was increased to satisfy 1 = 2 = 4 , nine weaker peaks appeared in absorption spectrum [see Rabi frequencies and results in the broadened line profiles in the observed probe spectra shown in Fig. 4 .
The multiple peaks observed in the probe absorption spectrum and the FWM emission spectrum can be understood from the energy levels of the dressed states under a bichromatic pump field [37] . As shown in Fig. 1(b) , for the absorption spectrum, the probe transition from |1 to the dressed-state manifold |n (n = 0,±1,±2, . . .) leads to the multiple peaks being symmetrically distributed around the transition |1 -|0 where the amplitude is the largest. For the FWM emission in the bichromatically coupled three-level system, there are two FWM channels with the phase-matching conditions
respectively. The term k 4 is the wave vector of the generated FWM field. Our experimental configuration (Fig. 3) only satisfies the phase-matching condition k p − k 2 + k 1 − k 4 = 0. Therefore, only one FWM channel is observable, which leads to an asymmetrical FWM spectrum with the FWM emission frequency ω 4 = ω p + ω 1 − ω 2 = ω p + 2δ. For example, the observed FWM peak at the probe detuning = 0 (Fig. 4) 045804-3 corresponds to the FWM transition |a → |0 → |− 1 → |− 2 → |a ; the FWM peak at the probe detuning = δ (Fig. 4) corresponds to the FWM transition |a → |1 → |0 → |− 1 → |a [see Fig. 1(b) ], and so on.
In summary, we experimentally demonstrated the FWM process in a three-level system under bichromatic EIT, and the spectrum of FWM exhibits a multipeak structure. We theoretically calculated the FWM signals under different Rabi frequencies of the bichromatic field and different phasematching conditions; the number of the FWM peaks increases with the pump intensity. For the phase-matching condition k p − k 1 + k 2 − k 4 = 0, the FWM peaks could also appear in both the ranges 0 and > 0. The FWM efficiency is usually too small if the pump intensity is weak. We carried out the experiment with cold 87 Rb atoms in MOT, and the experimental data agree well with theoretical results. The multiple FWM peaks are useful for creating multicolor ultraslow optical solitons, which might have applications in quantum information processing and quantum nonlinear optics.
